The seasonal variation in the barotropic mode of motion caused by joint effect of the baroclinicity and bottom relief (Jebar effect) in the Tsushima Strait is investigated with the use of the diagnostic numerical model in this study. The Jebar effect in the Tsushima Strait is mainly caused by the intrusion of the Bottom Cold Water along the Korean coast in summer. This Jebar effect along the Korean coast locally supplies the negative vorticity in situ, and it forces the coastal current to be intensified. In summer, the volume transport of the Tsushima Warm Current entering the Tsushima Strait is biassed to the western part of the strait comparing with the flow pattern calculated in winter.
Introduction
The volume transport of the ocean current (hereafter, the term of the volume transport indicates the vertically integrated transport from the sea surface to the bottom) is caused by the curl of the wind stress and the coupling of baroclinic and bottom topographic effects (the Jebar effect, Sarkisyan and Ivanov, 1971) . Especially, the latter is considered to be critical in the coastal ocean where the bottom topography is complicated and the spatial variability in the density distribution is larger than that of the open ocean. The bathymetric chart in the vicinity of the Tsushima Strait is shown in Fig. 1 . The Tsushima Strait is regarded as a sill between the Japan Sea and the East China Sea. Especially, the shelf edge between the Japan Sea and the Tsushima Strait is very steep. Moreover, five different water types coexist and the seasonal variability in the distribution of each water type is remarkable in the Tsushima Strait (Tawara, 1985) . Therefore, the Jebar effect is anticipated to affect largely the volume transport through the Tsushima Strait. Present study investigates the vertically averaged flow caused by the Jebar effect and its seasonal variation, using the diagnostic numerical calculation in which the density distribution is fixed.
Model Descriptions

Basic equations
In the following analysis, we begin with the vertically integrated equations of motion for small Rossby number, where the Boussinesq and rigid-lid approximation (∂η/∂t Ӎ 0) are also invoked. The x, y axes are depicted in Fig. 1 . U, V are volume transports in x and y directions, respectively; f is the Coriolis parameter and is constant in the present study. A h is the horizontal eddy viscosity, ∇ 2 a horizontal Laplacian operator, τ Bx , τ By (=C d U|U|/H 2 , C d V|V|/H 2 ) are the bottom stress in x and y directions, respectively. Strictly speaking, we must consider the influence of the baroclinic mode of motion on the vertical viscous terms. However, this discrepancy causes minor effect on the results in the quasi-steady state as will be shown later. These terms are artificially introduced to suppress the disturbances with the inertial periods arisen in this model. The wind stress is not considered in this study. Now, following Mellor et al. (1982) , the pressure gradient terms (the first and second terms in the right hand side of (1) and (2)) are described. P b is the bottom pressure according to
and φ is the potential energy
where the vertical z axis is positive upward, g the gravitational constant, η the sea level from the mean sea surface, H the depth, b the bouyancy (≡(ρ -ρ 0 )/ρ 0 ·g), ρ the density, ρ 0 the overall mean density.
The volume transport function (ψ) is introduced from Eq. (3) and the vorticity (ζ) is defined as follows.
( )
The vorticity equations for the barotropic mode of the ocean structure are obtained from Eqs.
(1) to (3) as follows.
The left hand side of Eq. (9) is the total change of the vorticity and the first and second terms in the right hand side of the equation are referred to as the divergence term. The horizontal friction term is the fifth in the right hand side, and the vertical friction terms are the sixth and seventh terms. The third and fourth terms are the joint of baroclinicity and bottom relief (the Jebar effect). The vorticity distribution is diagnostically calculated using the coupling terms, that is, Jebar effect terms which are predetermined by the CTD and bathymetric data (e.g., Mellor et al., 1982) .
The horizontal geometry in the calculation with the horizontal mesh size of 20 km × 20 km is shown in Fig. 2 . In this study, we omit Tsushima Islands to avoid the local topographic effect of them. The boundary conditions are as follows: 1) open boundary (A-A′, B-B′ in Fig. 2 )
2) Korean side boundary (A-B in Fig. 2 )
3) Japanese side boundary (A′-B′ in Fig. 2 )
Q is the total volume transport (the volume transport integrated over the whole cross section of the Tsushima Strait) flowing from the lower boundary (B-B′) toward the upper boundary (A-A′). Total volume transport of the Tsushima Warm Current (TWC) is considered to be controlled by the current system with large horizontal scale between the East China Sea and the western part of the subarctic gyre (e.g., Toba et al., 1982) . We assume that the contribution of the Jebar effect in Tsushima Strait to the total volume transport of the TWC is very small. In this study, our attention is focused on the change in the current pattern due to the Jebar effect in the straits. So, the total volume transport of 1 Sv (=10 6 m 3 ·sec -1 ) is fixed in this study according to the observations about the total volume transport through the Tsushima Strait using the Acoustic Doppler Current Profiler every two months throughout a year . Additionally, the vorticity at each side boundary is calculated so as to satisfy the no slip condition using the method of Woods (1954) . Numerical simulation is made by the integrating equations (8) and (9) with boundary conditions. For this purpose, Eq. (9) is replaced with a finite difference scheme by applying the centered difference and leap-frog scheme with a time increment ∆t. In order to avoid numerical instability, the Euler-backward scheme is applied every 20 time steps. Equation (8) is also solved numerically by applying the Richardson's method for elliptic equations (e.g., Roche, 1978) .
Three calculations are performed in this study. Case 1 is a calculation without the coupling terms, that is, Jebar effect. The flow in this case is considered to be mainly controlled by the bottom topography (topographic β-effect). The coupling terms in winter are added to the model in Case 2. Case 3 is the calculation with the coupling terms in summer. Parameters used in numerical simulations are listed in Table 1 .
Estimation of the coupling terms
In order to predetermine the coupling terms, the bathymetry and the density data should be provided into each grid point in Fig. 2 . We set the bottom topography of the model similar to that of the Tsushima Strait depicted in Fig Korea, 1986) . Nearly the same number of the CTD observations were carried out during each month, covering the whole area in the Tsushima Strait. The density data in each layer (although present models are the one-layer model, the vertical distribution of the density is needed for models through Eq. (5)) are provided to the position of each grid point using the interpolation by a Spline Technique (Oonishi, 1975) . The density distributions at 50 m and 100 m depth in each month are shown in Fig. 4 as examples. The bottom topography is also depicted in Fig. 4 by the broken line. It is shown that the isopycnals tend to be parallel to the isobathymetric lines in February. On the contrary, the isopycnals and isobathymetric lines tend to cross each other in August. If the isopycnals are perfectly parallel to the isobaths, the coupling terms will vanish (see the third and fourth terms in the right hand side of Eq. (9)). Therefore, the coupling terms in August are more influential than that in February. In August, the dense water exists in 100 m layer along the eastern and southern coast of the Korea. This is due to the intrusion of the Bottom Cold Water (BCW) from the Japan Sea toward the shallow Western Channel of the Tsushima Strait (Lim and Chang, 1969) . This phenomenon is common in the Tsushima Strait (see Fig. 2 in Ogawa, 1983) . The coupling terms in August are anticipated to be large along the Korean coast because of the presence of the BCW crossing the isobaths. In each month, wave-like BCW front along the shelf edge can also be found in 100 m depth. The temporal and spatial variability of such meandering BCW front along the shelf edge were discussed by Isoda and Oomura (1992) . They showed that the meander of the BCW front over this shelf edge is propagated toward the Japan coast as the bottom-trapped shelf waves with the periods of 40-60 days. Although the coupling terms in each month are also anticipated to be large over the shelf edge, the Jebar effect by the meander of the BCW front should not be evaluated by the diagnostic calculation in which the density distribution is fixed. Therefore, the model domain is restricted not to contain the shelf slope region, as shown in Fig. 2 . The coupling terms for the entire field are smoothed by a median filter performed twice in order to remove the influences of the tidal excursion and the disturbances with the short scale. In this procedure, we replace the value at every point with the median of five values that include the point itself and its four nearest neighbors.
Figures 5(a) and (b) show the distribution of the coupling terms in each month. The negative (clockwise) vorticity is supplied on the shaded area in Fig. 5 . The dark shaded area represents the acquisition of the negative vorticity of less than -5 × 10 -11 sec -2 . The coupling terms in August tend to be larger than those of February as was anticipated in Fig. 4 . The large negative values appear along the Korean coast near the outlet (the upper boundary) of the strait in each month. In February, this is due to the existence of the BCW which does not extend toward the western channel. The area with large negative value extends toward the end of the southern coast of the Korean peninsula in August. This is considered to be mainly due to the intrusion of the BCW since its position coincides with the region where the BCW is found. The negative value also appears along the Korean coast near the inlet (the lower boundary) of the strait. It is due to the Jebar effect between the horizontal density gradient of the TWC entering the strait and the bottom relief.
Results
The initial condition is at rest in the whole area. Then the quasi-steady state is obtained around 50 days after the beginning of the calculation in each case. The temporal variations of the sum of the squared velocity over the whole domain in Cases 1, 2 and 3 are shown in Figs. 6(a), (b) and (c), respectively. We can find the inertia motion (the inertia period is about 22 hours in present study) around the end of the calculations. These fluctuations can be neglected for the interpretation of the results since it seems to be the minor contributions to the total kinetic energy.
The horizontal distribution of the calculated velocity in Case 1 is shown in Fig. 7(a) . The velocities in the figure are the vertically averaged velocities which are obtained from the volume transport divided by the depth. The isolines of the volume transport function are also depicted in Fig. 7(a) . The isoline of 2 × 10 11 cm 3 sec -1 is denoted by the heavy solid line for reference to compare with the current pattern in the Cases 2 and 3. The velocity vectors steeply turn to the right at the end of the southern coast of the Korean peninsula. The offshoreward currents turning at the end of the southern coast of the Korean peninsula are entirely connected to the northeastward 
currents along the Japanese coast. The horizontal distribution of the calculated velocities in Case 2 (winter case using the CTD data in February 1985) is shown in Fig. 7(b) . The coastal current is intensified along the Korean coast near the inlet of the strait. Then, the coastal current gradually deviates from the Korean coast, and is almost connected to the northeastward current along the Japanese coast as the current pattern in Case 1. An anticyclonic eddy appears off the Korean coast near the outlet of the strait (see the closed isoline of 2 × 10 11 cm 3 sec -1 ).
The horizontal distribution of the calculated velocities in Case 3 (summer case using the CTD data in August 1985) is shown in Fig. 7(c) . The current speed along the Korean coast near the inlet of the strait is larger than that in Case 2. Such current forms the strong coastal current along the southern coast of the Korea. The width between the Korean coast and the isoline of 2 × 10 11 cm 3 sec -1 (heavy solid line) shrinks by several ten km from that in Cases 1 and 2. Generally, the positive vorticity along the southern coast of Korea basically forces the westward current. It is noted, however, that the eastward coastal current is intensified along the southern coast of the Korean peninsula where the positive vorticity is supplied. A part of the coastal current deviates from Korean coast, and becomes the northeastward current along the Japanese coast. Such a path is similar to the current pattern in previous two cases. However, another part of the coastal current flowing upward clearly appears in Case 3. We can find that the coastal current along the Korean coast separates into two branches in the Tsushima Strait though such a tendency weakly emerges in Case 2 due to the anticyclonic eddy near the outlet of the strait.
Formation of the Coastal Current along the Korean Coast
The most obvious variation in the current pattern in each case is the intensification of the coastal current along the Korean coast. So, we will mention the mechanism forming this coastal current in this section.
The coastal current along the Korean coast near the inlet of the strait is intensified in Cases 2 and 3 in comparison with Case 1. It is due to the Jebar effect which supplies the negative vorticity in situ (see Figs. 5(a) and (b) ). This Jebar effect is caused by the horizontal density gradient of the TWC flowing into the Tsushima Strait. The large negative vorticity is also supplied along the Korean coast near the outlet of the strait in Case 2, and from the outlet to the end of the southern coast of the Korea in Case 3. It is due to the intrusion of the BCW in the bottom layer along the Korean coast. In the vicinity of these areas, the strong coastal current locally appears.
The width of the coastal current along the southern coast of the Korean peninsula shrinks in Case 3 comparing with Cases 1 and 2, though the acquisition of the positive vorticity emerges along the coast. The vorticity balance along the southern coast of Korea (a-a′ in Fig. 2) in Case 3 at 50 days is shown in Fig. 8 . The horizontal viscous term is not shown here because of its minor contribution. The vertical viscous term is also small except the region at 40-120 km from a-grid, where the large negative vorticity is supplied through the Jebar effect due to the BCW intrusion. The vertical viscous term is possible to be overestimated in this region taking the baroclinic motion in the real ocean into consideration. It is anticipated that the horizontal viscous term plays an important role in the real ocean instead of the vertical one to attain the steady state in this region. The vorticity balance indicates that the divergence term and the total change of the vorticity are balanced along the a-a′ line. That is, the shelf waves contribute to the determination of the path of the coastal current along the southern coast of Korea. Figure 9 represents the spacetime plot of the squared velocity in Case 3 along a-a′ line until 20 days. The heavy broken line (Fig. 2) . The heavy solid line (TCV) indicates the total change of the vorticity, the thin solid line (DIV) is the divergence term, the broken line (CP) is the coupling term and the dash-and-dotted line (VS) is the vertical viscous term, respectively. at the lower left portion of the figure denotes the region where the large negative vorticity is supplied through the Jebar effect due to the intrusion of the BCW. The large kinetic energy originates in this region. The kinetic energy is rapidly propagated toward the region at 300 km from the region at 60-100 km. It seems that the energy propagation is interrupted in the region at 190 km from a-grid. This grid stands a little back in the model domain so that the propagation can not be caught. It is considered that the intensification of the coastal current along the southern coast of the Korea in Case 3 results from the energy propagation from the region, where the Jebar effect due to the BCW intrusion prevails. The large kinetic energy always appears beyond the region at 300 km from a-grid. It is due to the Jebar effect along the Korean coast near the inlet of the strait.
Summary and Discussions
Kawano (1993) and Isobe et al. (1994) indicated through the direct current measurements in the Tsushima Strait that the two intensified current zones separately exist both on the Korean side and on the Japanese side, and that the large volume transport is measured on the Korean side. Moreover, Isobe (1994) investigated the barotropic sea level difference across the Western and the Eastern Channels of the Tsushima Strait. They are determined by the observed sea level difference removing the baroclinic contribution which is not concerned with the volume transport. The resultant sea level difference associated with the barotropic mode directly reflects the temporal variation of the vertically averaged flow or the volume transport through each channel. This investigation showed that the volume transport through the Western Channel of the Tsushima Strait is intensified in summer, while that through the Eastern Channel is intensified in winter. Why is the volume transport biassed to the western part of the strait especially in summer? Yoon (1982a, b) and Kawabe (1982) indicated that the Tsushima Warm Current splits into at least two branches in Japan Sea. One branch flows along the Japanese coast and is controlled by the bottom topography. Another one flows along the Korean coast due to the planetary β-effect. Their arguments imply that the Tsushima Warm Current in the Tsushima Strait is also forced to split into two branches by the flow pattern in Japan Sea, and that the current pattern in the Tsushima Strait is determined by the ratio of the volume transport between two branches in the Japan Sea. Indeed, the current path and the distribution of the volume transport of the TWC in the Japan Sea are considered to be important factors to determine the current pattern in the Tsushima Strait.
On the other hand, we investigate the joint effect of the distribution of the water mass and the bottom relief in the Tsushima Strait on the current pattern. In Case 1 in which the flow pattern is controlled without the Jebar effect, the volume transport entering the strait gradually deviates from the Korean coast and becomes the northeastward current along the Japanese coast. In Case 2, with the Jebar effect in February, the coastal current along the Korean coast is partly intensified due to the Jebar effect. In Case 3 with the Jebar effect in August, the coastal current along nearly whole Korean coast is intensified. Comparing the current pattern in Case 3 with that in Case 2, we can find the westward (toward the Korean coast) intensification of the current in summer due to the difference of the Jebar effect in each season. Such a seasonal variation of the current pattern coincides with the results of the current measurements by Kawano (1993) and Isobe et al. (1994) and of the analysis of the sea level difference by Isobe (1994) . It is concluded that the Jebar effect in the Tsushima Strait is one of the determinant for the horizontal distribution of the volume transport as it is found in the Tsushima Strait.
In Case 3, we consider that the large negative vorticity along the eastern coast of Korea is mainly supplied by the BCW intrusion taking its position and season into consideration. A part of the TWC is forced to flow in this region. In that case, the Jebar effect between the horizontal density gradient of the TWC and the bottom relief is considered to add the negative vorticity, and the Jebar effect is strengthened in situ. Moreover, the path of the TWC in the Japan Sea may affect the current pattern in the Tsushima Strait as was mentioned previously. This current pattern also supplies the vorticity through the Jebar effect in the strait. It should be noted that the coupling terms evaluated in this study contains above component, though the effect on the seasonal variation can not be specified except the coastal current along the Korea near the inlet of the strait.
The BCW intrusion shows the remarkable interannual variation as well as the seasonal one (Lim and Chang, 1969) . We have to study the interannual variation of the barotropic motion caused by the Jebar effect in the Tsushima Strait in the near future.
